Background: Patent ductus arteriosus (PDA) is 1 of the most common congenital heart defects in dogs and percutaneous closure is effective in achieving ductal closure; PDA closure is associated with abrupt hemodynamic changes.
T he ductus arteriosus is a fetal vascular structure connecting the aorta to the main pulmonary artery and normally closes shortly after birth by a complex neurohormonal and hemodynamic process. 1 In dogs, patent ductus arteriosus (PDA) is an isolated heart defect that accounts for 21-32% of total congenital heart disease. [2] [3] [4] [5] A left-to-right PDA is associated with pulmonary over circulation and left ventricular (LV) volume overload with increased preload soon after birth. [6] [7] [8] Transcatheter interventional techniques are effective to close the PDA, and the Amplatz Canine Duct Occluder a (ACDO) is the device most commonly used in veterinary medicine because of its efficacy and low complication rate. 9, 10 Data regarding the hemodynamic changes asssociated with percutaneous closure of PDA have been investigated by transthoracic echocardiography. [11] [12] [13] [14] [15] Dogs with PDA show increases in end-diastolic and end-systolic dimensions, which tend to decrease after PDA closure. Marked decrease in fractional shortening (FS) and ejection fraction (EF) are associated findings, [11] [12] [13] [14] [15] with some patients showing EF and FS values below reference ranges; [11] [12] [13] [14] [15] but no change in long-term survival was identified by previous studies. 14, 15 The speculation that PDA closure in young patients may be accompanied by LV systolic dysfunction because of the inability of the LV to compensate for acute loading changes can be further investigated by advanced imaging modalities. Advanced echocardiographic techniques quantify cardiac contractility and deformation by direct assessment of cardiac motion. They have been promoted as complementary and more sensitive tools to evaluate cardiac function in a wide variety of clinical diseases in human cardiology. 20 Speckle tracking echocardiography (STE) is 1 of the most common advanced imaging modalities in human cardiology, and it is based on a software algorithm that tracks speckles (natural acoustic markers in the myocardium) during the cardiac cycle based on 2-dimensional (2D) images.
The aim of our study therefore was to assess standard and advanced echocardiographic parameters in a population of young dogs affected by PDA both before and 24 hours after percutaneous closure to investigate the short term effect of percutaneous closure on cardiac mechanics.
Materials and Methods
Dogs were prospectively recruited at the Clinica Veterinaria Gran Sasso for ductal closure of isolated left-to-right PDA. Inclusion criteria included a complete medical record (signalment, physical examination, complete pre-and postoperative echocardiography, electrocardiogram, and radiography). Exclusion criteria were any additional congenital or acquired cardiac diseases and/or incomplete medical record .
All dogs underwent percutaneous closure by ACDO device. Postoperative echocardiography was performed 24 h after ductal closure.
A complete standard echocardiographic examination was performed in all dogs in accordance with published guidelines for human and veterinary medicine. 23, 24 All echocardiographic examinations were performed using a commercial ultrasound equipment with 2.5-10 Mhz phase array ultrasound probes.
Standard echocardiographic parameters included: end-diastolic volume and end-systolic volume indexed to body surface area (EDVI and ESVI), measured by Teichholz method on M-mode (EDVI M /ESVI M ), and area-length method on B-mode (EDVI B / ESVI B ) and allometric scaling of LV M mode dimensions (AlloD and AlloS). 25 Furthermore, fractional shortening (FS) and ejection fraction (EF M ) in M-mode were determined. The EF also was calculated by B-mode using the area-length method from the apical 4-chamber view (EF B ). To provide additional information about shunt severity, Qs/Qp was measured as described. 26 Sphericity index (SI) was measured as described. 27 At least 3 clips with 1 cardiac cycle additionally were acquired for STE postprocessing. Positive QRS eletrocardiographic (ECG) gating, good image quality and high frame rate (least acceptable frame rate: fps 80 28 ) were deemed fundamental and thus frame rate, sector width and probe frequency were adjusted to optimize image acquisition. 28 To standardize short axis acquisitions, the basal plane was identified as containing mitral leaflets (right parasternal view at the level of mitral valve [MV] ), while the mid-level was identified as containing the papillary muscles (right parasternal view at the level of the papillary muscles [PM]). Particular attention was given to make the LV cross-section as circular as possible and that transversal overlapping ("out-of-plane motion") was limited as much as possible. Long axis view (4Ch) was acquired by apical 4-chamber view, which should optimize LV length, endocardial borders, and should never include the LV outflow tract. 28 Commercial b software was used for off-line analysis. The cineloop was evaluated by slow motion and a still frame was selected as a starting point (Fig 1A) . Generally, end-diastole was the preferred timing for best visualization of endocardial borders and, where necessary, epicardial borders. The starting points for endocardial tracing were placed manually (2 at midplane both in MV and PM and 3 at the apical 4Ch view at both MV hinge points and cardiac apex [ Fig 1B] ), and then the software provided tracking guidance by the presence of drawn lines originating from the LV cavity where the endocardial border was manually identified and selected (for a total of 12 points in short axis views and 13 in long axis views [ Fig 1C] ). After selecting these points, the software automatically divided the myocardium into 6 segments, as shown by a continuously traced line (Fig 1D-E) , which should follow the endocardial border and was manually adjusted to fit. Velocity vector imaging (VVI) arrows were then displayed above the endocardial border and helped evaluate tracking quality during the cardiac cycle (Fig 1F) . When necessary, only 1 manual attempt to adjust endocardial points was considered acceptable. If VVI arrows showed unacceptable tracking quality, the cineloop was discarded. The procedure for epicardial tracking was the same as that for endocardial tracking.
After this procedure, strain (S) and strain rate (SR) curves were obtained by the software (Fig 2) . No adjustment to the original tracking was done after obtaining the curves. Data then were exported to an Excel c data sheet and prepared for statistical analysis. All echocardiographic values were measured 3 times on 3 different days by the same operator based on a single clip/image and the results shown are averaged. 28 For advanced echocardiographic values, a global S and SR are provided, which are the averaged value of the 6 regional segments identified by the software. Final S and SR values were obtained by an average of 3 consecutive measurements taken on 3 different days. 28 Circumferential S and SR were measured at the MV level, radial S and SR were measured by short axis view at the level of the PM, whereas transverse S and SR were obtained by the long axis view at the apical 4-chambers view Longitudinal S and SR were measured at the apical 4-chamber view. Epicardial S and SR were measured for longitudinal and circumferential displacement. A between-day and within-day coefficient of variation (CV) was randomly assessed in 30% of the patients.
Statistical Analysis
Sample size calculation before the beginning of the study aimed at reaching a study power >80%. To obtain a study power of 85% at least 20 dogs were required, with a = 0.05 and mean and SD of the population extrapolated from a pilot study. Statistical analysis was performed using a dedicated statistical software (SPSS d v 1.7) and in all cases P < .05 was set to indicate statistical significance. Basic descriptive statistical analyses were performed using Microsoft Excel c .The Pearson-D'agostino and Shapiro-Wilk tests were used to verify normal distribution of variables. Data with normal distribution were expressed as mean AE standard deviation (SD). For data not normally distributed, median and first and third interquartiles (IQR1-3) were determined.
If the distribution was normal, a paired t-test was used to compare the means of 2 continuous variables; the Wilcoxon signed rank test was used with non-normally distributed variables.
For the repeatability study, mean and SD values resulting from postprocessing of repeated examination of dogs with PDA were used for the calculation of within-day and between-day CV (SD of the measurements/average of measurements).
Correlation analysis was performed by means of Pearson's correlation to test for any significant correlation between heart rate and advanced echocardiographic parameters.
Results
Twenty-five dogs with PDA were enrolled in the study, 20 female dogs (80%), and 5 male dogs (20%).
Median age was 12 months (IQR: 6-24 months) and median weight was 13 kg (IQR: 7.5-17.5 kg).
Dog breeds included crossbreeds (5 dogs), Doberman Pinscher and German Shepherd (3 dogs each), Breton, Dachshund and Setter (2 each), and 1 dog each of the following breeds: Bolognese, Bichon Frise, Cocker, Corgi, Labrador Retriever, Newfoundland, Poodle, and West Highland White Terrier.
Mean minimal ductal diameter was 4.6 AE 1.3 mm. All dogs underwent successful percutaneous closure. No complication and no residual flow was observed for any dog. Heart rate decreased 24 hours postoperatively (Table 1) .A marked decrease in all standard echocardiographic parameters was observed by 24 hours after percutaneous closure (Table 1) .
Standard parameters of diastolic and systolic dimensions (EDVI M/B , ESVI M/B , AlloD/S) showed a statistically significant decrease 24 hours after percutaneous closure, but none of them was within the normal reference range (Table 1) . Furthermore, EF and FS showed statistically significant decreases. Thirteen dogs (52%) had FS values lower than normal, 5 dogs had lower than normal EF B and 3 dogs also had lower EF M associated with low EF B .
The sphericity index showed a statistically significant increase 24 hours after percutaneous closure. As a consequence of PDA closure and of the absence of residual shunting, Qs/Qp ratio normalized (Table 1) .
A statistically significant difference in the preoperative and postoperative values of circumferential, radial and transverse S and SR was found (Table 2) , with a general decrease in the absolute value, whereas no difference was found for longitudinal S and SR pre-and postoperatively (Table 2) .
Epicardial circumferential and longitudinal S and SR had lower absolute values as compared to endocardial ones, a finding that persisted after percutaneous closure (Table 3 ).
An apex-base gradient was found for longitudinal S and SR, with more negative values for apical segments and less negative values for basal segments. The apexbase gradient persisted after percutaneous closure ( Table 4) .
Coefficient of variation in the randomly assessed patients was <0.12 for within-day operator variability and <0.15 for between-day operator variability (Table 5) .
No correlation was found between advanced echocardiographic parameters and heart rate.
Discussion
Our study analyzed deformation imaging by means of STE in dogs undergoing percutaneous closure of PDA. Twenty-four hours after ductal closure, statistically significant decreases in all conventional echocardiographic parameters were identified. Circumferential, radial, and transversal S and SR decreased as well, whereas longitudinal S and SR did not change.
Closure of a PDA is associated with marked change in cardiovascular hemodynamics. The presence of a leftto-right PDA is associated with an increase in preload. Afterload plays a relative role in the preclosure hemodynamics but gains importance in the postclosure phase, because preload is decreased and afterload is increased by shunt closure. [6] [7] [8] [29] [30] [31] These hemodynamic changes were investigated by standard transthoracic echocardiography in previous studies in humans and animals. [11] [12] [13] [14] [15] [29] [30] [31] [32] [33] [34] As a consequence of PDA closure and decreased preload, end-diastolic dimensions (EDVI M-B , AlloD) as well as end-systolic dimensions (ESVI M-B , AlloS) decrease, although they rarely normalize in the short term. [6] [7] [8] [11] [12] [13] [14] [15] [29] [30] [31] [32] [33] [34] A more pronounced decrease in diastolic dimensions generally is appreciated, whereas systolic dimensions appear to decrease but to a lesser extent as compared to diastolic dimensions after PDA closure. 6, [12] [13] [14] [16] [17] [18] 34 This may reflect increased postoperative afterload. The FS and EF values decreased postoperatively as compared to the preoperative evaluation. The results of our study are similar to others in veterinary literature. [11] [12] [13] [14] [15] We included M-mode-and B-mode-derived indices of LV end-systolic and end-diastolic dimensions to facilitate comparison with previous data.
Fractional shortening and EF are regarded by most authors as the conventional parameters to evaluate systolic function. They provide information obtained by a change in LV dimensions during the cardiac cycle. Most clinical diseases in cardiology have stable loading conditions, so that EF and FS correctly display cardiac function and are useful tools to investigate pathophysiology. The finding of lower than normal FS and EF in a variable percentage of patients after PDA closure [11] [12] [13] [14] [15] led to speculation that these patients may experience systolic dysfunction by PDA closure. However, FS and EF are expected to decrease in this setting because of the combined change in preload and afterload that intrinsically is associated with PDA closure. Any condition associated with a decrease in preload decreases FS, as an increase in afterload also is associated with a decrease in FS. 27 As a consequence, FS and EF also were decreased postoperatively in our study.
The sphericity index (SI) is the ratio between LV internal diameter and LV length; it indicates the ten- dency of the LV to acquire a spherical shape when the ratio is <1.65. 27 Dogs with PDA had lower than normal SI before PDA closure, and although SI was shown to increase significantly after ductal closure, even postoperatively it was below the reference range, indicating that the LV had a more spherical shape as compared to normal hearts.
Speckle tracking echocardiography allows quantification of myocardial contractility by the analysis of myocardial deformation during the cardiac cycle. In a previous study c all S and SR parameters were increased in dogs with PDA as a consequence of LV overload in the preoperative setting. At least initially, the increase in preload will enhance cardiac contractility, balancing increased blood flow in the LV as well as blood escape through the shunt (Frank-Starling Law).
After PDA closure, a statistically significant decreases in circumferential, radial and transverse S and SR were observed. The sudden decrease in these deformation parameters 24 h after PDA closure may reflect a decrease in preload related to PDA closure. Laplace's law states that tension on the myocardial wall is directly dependent on LV pressures and the radius of the LV divided by LV free wall thickness. 35 If preload decreases after PDA closure, the tension on the myocardial wall decreases as well as the radius of the LV, both of which will lead to a decrease in the strength of contraction of the circumferential and radial fibers following the Frank-Starling mechanism.
The values obtained postoperatively were similar to those obtained in healthy control dogs in previous studies c , thus, it could be argued that PDA closure immediately restores the contractility pattern of the circumferential fibers of the LV. Radial, transverse, and circumferential S and SR could be considered as markers of short axis function, because these parameters evaluate the motion of the circumferential fibers belonging to the basal loop, as described previously.
36
In our case series, all parameters related to short axis function normalized 24 h after percutaneous closure. No data are available for comparison regarding STEderived parameters in infants with PDA and short axis deformation imaging.
On the other hand, longitudinal S and SR did not show a statistically significant decrease in the postoperative setting. Longitudinal fibers are predominant in the endocardium and are oriented in a base-apex conformation, contributing mainly to the apical loop.
Longitudinal fibers are particularly susceptible to ischemia because of the fact that the myocardium is perfused from the epicardium to the endocardium. 16 Decreases in longitudinal S and SR are associated with an early decrease in systolic function in various disease conditions in humans, 16, 20 even in human infants with PDA. 29, 31, 34 In human patients, global longitudinal S decreased to lower than normal values 24 h postoperatively, 29 and subsequently increased in the long term (ie, 6 months after PDA closure). Another study in preterm infants undergoing surgical ligation identified a similar decrease in global long S and SR as early as 1 hour after PDA closure, but the same parameters showed an increase 18 hours postoperatively. 34 Preterm infants treated with indomethacin showed a smaller decrease in global long S and SR 10 minutes after indomethacin infusion and an increase in long S and SR 60 minutes after the infusion. Cyclo-oxygenase inhibitors, however, induce an increase in prostaglandin concentration, which in turn will cause ductal constriction and an increase in vascular resistance as a consequence of generalized vasoconstriction. 37 In our case series, longitudinal S and SR were slightly lower as compared to preclosure, but were higher as compared to a normal population of dogs in which STE was assessed by the same software 38e Whether this difference between infants and dogs is associated with different cardiac mechanics (preterm infants are considered to have decreased myocardial reserve 39 and are thus more susceptible to changes in loading condition, requiring vasopressor or inotrope support 31 ) or caused by a different timing for these changes to occur, is difficult to determine. Based on our data, systolic dysfunction, considered as a decrease in myocardial contractility, has not been observed 24 h postoperatively in our population of dogs with PDA.
Left ventricular reverse remodeling refers to the possibility of restoring cardiac morphology and function after treatment for a particular disease condition that has modified LV anatomy. 40 Left ventricular remodeling eventually can cause changes in LV shape and function, although it is a complex process, starting from cellular and extracellular pathways.
Normalization of the echocardiographic parameters of LV dimension and function has been reported in preterm infants 30 and in veterinary patients. 14 The finding that all of the cardiovascular changes associated with a PDA seemed reversible once the PDA was closed 30 suggests that LV remodeling could be a reversible process, but it is unclear when this occurs. Our case series showed a significant postoperative decrease in all standard echocardiographic parameters, but none of the parameters considered were within reference ranges 24 h after PDA closure, indicating that this is not an immediate process and requires time. Different echocardiographic parameters can be taken into account to assess whether long-term remodeling occurs, including standard and advanced echocardiographic parameters. With particular regard to STE, global longitudinal strain was found to be a marker of effective reverse remodeling (defined as a decrease in <15% of LV inner diameters) in patients undergoing cardiac resynchronization treatment and transcatheter aortic valve implantation. 41 Long-term studies therefore are required to investigate reverse remodeling in dogs with PDA.
Our study identified basal to apical gradients in longitudinal S and SR and a difference between epicardial and endocardial S and SR in dogs with PDA, as described in healthy humans 42 and dogs. 38 Endocardial circumferential and longitudinal S and SR are greater as compared to their epicardial counterparts. Based on these findings, PDA did not change the normal segment contraction patterns.
Repeatability was acceptable for global S and SR values, with the highest CV for radial and transverse S and SR. Circumferential and longitudinal S and SR had better reproducibility in our case series. Global longitudinal S and SR are considered strong robust parameters and the ones with better reproducibility in human cardiology 43 as well. Our study had some limitations. The prospective nature of the study enabled homogeneous data to be acquired, but some other data or techniques, that could have proven interesting to compare (eg, tissue Doppler imaging [TDI] values, velocity of circumferential fiber shortening, magnetic resonance imaging), were not acquired, but these measurements were beyond the scope of our study. The decision to evaluate patients 24 h after percutaneous closure was based on a routine clinical reexamination performed at the referral center where the study was carried out, however, more frequent re-examinations may be required in order to identify whether conventional and advanced echocardiographic parameters show earlier changes and, if so, characterize the trend in the echocardiographic parameters over time. Furthermore, patient number was acceptable according to the study design but not very high, so that additional studies with a larger number of patients may be needed. Long-term follow-up was not available, which represents another limitation of our study.
In conclusion, PDA closure with percutaneous technique causes decreases in conventional echocardiographic parameters of LV dimension and function, but a definitive or transient systolic dysfunction was not identified by means of STE in our cohort of patients. After PDA closure, the circumferential fibers in the LV restore a normal pattern of contraction, as shown by the normalization of circumferential, transversal, and radial S and SR, whereas longitudinal fibers, although not damaged by the persistent PDA-induced LV overload, do not decrease their contractility pattern and persistently have higher than normal values. 
